Iron is assembled inside cells into cofactors, essential for biological functions. Two types of cofactors, Iron Sulfur clusters and diferric tyrosyl radicals, share a conserved assembly complex containing the DRE2 enzyme, essential for cell viability in eukaryotes. In the model plant Arabidopsis thaliana, dre2 mutants are lethal, having a maternal defect related to active DNA demethylation in the central cell gamete and a zygotic defect leading to embryo arrest. However, neither of these defects is fully penetrant. We were able to recover the first dre2 viable mutants ever reported in plants by expressing DRE2 from a central cell specific promoter in a dre2 heterozygote background. The viable dre2 mutants developed twin embryos infrequently and were defective in DNA demethylation in the vegetative phase. These mutants represent a valuable tool to uncover further processes dependent on Iron containing cofactors from plants that may also be universal.
INTRODUCTION
Iron cofactors are essential for many cellular processes, frequently participating in electron transfer, catalytic reactions and gene regulation (1) . Iron-Sulfur (Fe-S) clusters and the diferric tyrosyl radical cofactor are two types of Iron cofactors assembled by dedicated cellular machineries. In eukaryotes, Fe-S biogenesis is compartmentalized in organelles via pathways of prokaryotic origin and in the cytosol, via the CIA (Cytosolic Iron Sulfur Assembly) pathway. The CIA proteins are well-characterized in yeast and belong to three functional classes: 1. Electron transfer chain, composed of the diflavin reductase Tah18 (Top1T722A mutant Hypersensitive 18) and the Fe-S protein Dre2 (Derepressed for Ribosomal protein S14 Expression 2) (2); 2. Fe-S scaffold proteins including Npb35 (nucleotide binding protein 35) and Cdf1 (cytosolic Fe-S cluster deficient 1) (3); 3. Fe-S targeting complex proteins composed of four proteins: Nar1 (Nuclear architecture related 1), Cia1, Cia2, and Met18 (4) . CIA pathway is responsible for the maturation of enzymes in the cytosol and in the nucleus. Some of these are known -for example, many DNA metabolism enzymes are Fe-S dependent (5) -but currently, a sizeable fraction of Fe-S proteins are unidentified (6) . In addition to the CIA pathway, Tah18-Dre2 complex was recently found to function in diferric-tyrosyl radical formation, a cofactor required for the ribonucleotide reductase (7, 8) .
Although CIA proteins are highly conserved in eukaryotes, it has been difficult to reveal what are the cellular processes controlled by Fe-S clusters because the CIA components are often lethal when mutated. In plants, mainly Arabidopsis thaliana (At), CIA mutants are embryo lethal, except MET18 (9) (10) (11) . Few strategies were employed so far to overcome lethality of orthologous CIA proteins with scaffold and targeting function. For example, a role of AtNBP35 in establishing leaf morphology could be inferred from combining know-down lines with an amino acid substitution in AtNBP35 (12) . Also, a weak allele in AtNAR1 revealed its function in oxidative stress responses in vegetative cells (13) while a weak allele of AE7 (ASYMETRIC LEAVES1/2 ENHANCER 7) , the putative Cia2 orthologue in plants, uncovered a role in nuclear genome integrity via a CIA function and in leaf polarity (14) . However, so far, viable homozygote alleles in early electron transfer CIA proteins have not been reported in plants.
Unique links between CIA proteins and a family of Fe-S dependent DNA glycosylases specialized in DNA demethylation, composed of DEMETER (DME), ROS1 (REPRESSOR OF SILENCING 1), DML2 and 3 (DEMETER-like 2 and 3), were uncovered in both the reproductive and the vegetative phases in Arabidopsis. DME targets genes for DNA demethylation coupled with transcriptional activation in the central cell maternal gamete, including one termed FWA (FLOWERING WANGENINGEN). A pFWA;GFP reporter can easily monitor DME activity and was used in a genetic screen which allowed isolation of heterozygote EMS alleles of AtDRE2 (10) and AtNAR1 (13) . Further evidence highlighted that dme and dre2, but not the other CIA mutants, share maternal phenotypic hallmarks (10), indicating a distinctive function for AtDRE2 in the maternal central cell gamete. Additionally, like all CIA proteins, AtDRE2 has a zygotic role in early embryo development (9, 10) . The other three demethylases, ROS1, DML2 and 3, are active in vegetative cells (15) . Two other CIA proteins, AtAE7 and AtMET18, were also implicated in DNA demethylation in vegetative cells (11, 14) .
The epigenetic role of AtDRE2 could be revealed using a heterozygote allele due to its maternal gamethophytic function (10) . However, because AtDRE2 has potential to regulate a myriad of other processes outside gametes via its putative role in Fe-S cluster biogenesis and diferric-tyrosyl radical formation, it is of interest to also obtain viable tissues where both alleles are mutated, i.e., homozygote dre2. We succeeded in recovering viable dre2 homozygotes by complementing the DRE2 female gamethophytic function. Here we report on the initial characterization of new phenotypes in the reproductive phase and on defects in DNA demethylation in vegetative cells in these mutants.
MATERIALS AND METHODS

Plant growth, transgenic construction and genotyping.
The Arabidopsis thaliana lines used in this study are WT Col-0, dre2-2 Col-0 -the EMS allele generated as described in Buzas et al (2014) (10) -and triple mutant rdd (ros1-3; dml2-1;dml3-1) Col, that was generated by Penterman et al (2007) (15) . Seeds were sterilized, sowed on MS plates with 3% sucrose, stratified for three days, then grown for a further two weeks on plates before transferring to pots in a two parts vermiculite: one part soil mixture. Plants were cultivated under standard long days light conditions for Arabidopsis.
Three independent complementation lines in dre2-2 were obtained with a cassette containing a central cell specific promoter of At2g24840 (named DIANA gene) constructed as described in Buzas et al (2014) , and one line was analysed in detail. For dre2-2 genotyping, genomic DNA was amplified with GGCAAAGAAACCTTCTTGGAA and TGGGGGTTGAGTTTAGTTGG oligonucleotides and products were digested with HindIII before electrophoresis.
Histology and microscopy. For whole-mount histology, different stage siliques and were dissected manually and then cleared on a microscope slide under the glass cover in a mixture of chloral hydrate, glycerol, and water (8 g : 1 mL : 2 mL) for at least four hours at room temperature. Fluorescence images were captured using a Zeiss Axioimager M1 microscope equipped with a Zeiss AxioCam MRc 5 and Nomarski optics.
Bisulphite genomic DNA sequencing and analysis. DNA was extracted using a CTAB method from different genotypes at 12 days after germination stage and was subjected to the bisulfite reaction using the Epitect bisulfite Kit (Qiagen, #59104). The ASA1 gene was used as a positive control for the bisulfite conversion as described by Ikeda et al (2011) (16) . The oligonucleotide sequences for At4g14365, At1g53860 and At1g26400 were as in (15) . Sequence alignments and trimming were done using: SegManPro under DNAStar software, web based clustalw tools and CyMATE (17) .
RESULTS
Isolation of viable dre2-2
We previously demonstrated that expression of a AtDRE2 transgene driven by a central cell specific promoter from DIANA gene can restore the defect in activation of pFWA;GFP in dre2-2 +/-both in the central cell and the endosperm, but not the other zygotic mutant seed phenotypes (10) . We hypothesized that: i) the expression of other AtDRE2-regulated genes important for viability may be similarly restored in the endosperm lineage; and ii) because the mutant seed phenotype is not fully penetrant in the embryonic lineage (10, 18), we may be able to recover dre2-2 homozygote progeny once the gamethophytic defect is restored. We first proceeded to close examination of dry seed of a pDIANA:DRE2; dre2-2+/-progeny. Using a stereomicroscope, we found a class of dry mutant seed, unseen in wild type or in any other AtDRE2 transgenic constructs, at a low frequency: some seed appeared distorted towards the mycropylar/chalazal end ( Fig. 1 A-C) . This seemed to be caused by a distortion in embryo shape from the hypocotyl area ( Fig. 1 D, E) . We then selected dry seed with distorted phenotype under a stereomicroscope and sowed them. All seeds germinated and were genotyped for dre2-2 allele. We found that 95.2% (20 out of 21) of seeds with distorted phenotype were dre2-2 homozygote. Therein, we refer to pDIANA:DRE2; dre2-2 as "viable dre2-2". We also genotyped random seed from the same progeny. In this case, only 5.2% (2 out of 38) homozygote were identified ( Table 1 ). In conclusion, we were able to recover viable dre2-2 at a low frequency, as expected.
Mutant phenotypes of viable dre2-2 during reproductive development
To obtain information on reproductive development, we dissected siliques in different stages of development from dre2-2 viable plants. We noticed that only a proportion of ovules developed into seeds in late stages (68%, n=534), indicating that dre2-2 viable has reduced fertility. This phenotype was not due to AtDRE2 expression from pDIANA;DRE2 transgene because all ovules developed normally in transgenic lines without the dre2-2 allele.
While examining seeds from early globular to heart stage, we found a rare phenotype: a second embryo developed in vicinity of the main embryo, possibly from cells of the suspensor. This phenotype appeared at a low frequency of approximately 1:500 ( Fig. 1 F-H) .
Therefore, we found at least two additional reproductive phenotypes of the dre2 viable, not seen in the heterozygote background: reduced fertility and twin embryos.
Viable dre2-2 has DNA demethylation defects in vegetative phase
In the vegetative phase, the growth of seedlings produced from germinating distorted seed was slower than wild type in the first two weeks on Petri dishes, but we found that they can recover to normal growth in soil up to the flowering stage.
It is known that AtDRE2 reduces the DNA methylation levels in the endosperm linage at genes targeted by DEMETER mediated demethylation (10) . Now that we were able to obtain a viable dre2-2, we asked if genes targeted by DNA demethylation in vegetative tissues are also affected. We chose three genes from those reported to be targeted by DNA demethylases in vegetative tissues: At1g53860 and At4g14365, where three demethylases act redundantly and At1g26400, where only ROS1 demethylates (15) . We quantified and visualized DNA methylation in the three sequence contexts using CYMATE (17) (Fig. 2) . Table 1 . Seed genotype of different phenotypic classes from a homozygote transgenic line expressing AtDRE2 in the central cell in dre2-2 +/-background At At1g53860 and At4g14365, DNA methylation increased in all contexts in rdd relative to wild type, mutant as shown before (17) . The same was also true for dre2-2 viable mutant, although the differences tended to be weaker. A detailed look at the specific residues that undergo DNA demethylation, for example in CG context, indicated several classes of differential CG methylation in the three genotypes. Notably, some CGs were hypermethylated in both mutants (e.g., C135, C140, C210 in At4g14365; C42, C47, C55, C71 in At1g53860; see gray shading in Fig. 2 A, B ). There also appear to be CGs where methylation resides specifically in one mutant genotype (e.g., in dre2 viable only: C30 in At4g14365; C336, C338 in At1g53860; see purple shading in Fig. 2 A, B ; in rdd only: C162, C177 in At1g53860; see green shading in Fig. 2 A, B) .
At At1g26400, the methylation pattern was more complex (Fig. 2 C) . In addition to the aforementioned hypermethylation classes at common (C60, C256 in At1g26400; gray shading, Fig. 2 C) and specific (C22 in dre2 viable only, purple shading, Fig. 2 C; C181, C195 and C204 in rdd, green shading, Fig. 2 C) residues, DNA methylation decreased at one common CG in both mutants (C105; purple and green boxes, Fig. 2 C) or in specific locations in each mutant (C204, C226, C243 in viable; C22, C118 in rdd, purple and green boxes, Fig. 2 C) .
Altogether, we conclude that viable dre2-2 mutants shared defects in the pattern of DNA methylation with rdd mutants in vegetative phase, indicative of a role for AtDRE2 in DNA demethylation in these tissues.
DISSCUSSION
DRE2 is a conserved eukaryotic Fe-S cluster biogenesis proteins, best known for its function in the cytosolic Fe-S biogenesis pathway (19) . Since the initial report in yeast [19] [20] [21] [22] Diana Mihaela Buzas, Tetsu Kinoshita Viable dre2 mutants in Arabidopsis thaliana (20) , a number of biological roles have been associated with DRE2. For example, in mice it is an antiapoptotic molecule essential for definitive hematopoiesis (21) and in plants it has an epigenetic role related to DNA demethylation in one maternal gamete (10, 18) . However, based on its known biochemical functions (2, 7) DRE2 likely impacts more biological processes than currently acknowledged. AtDRE2 is expressed broadly in Arabidopsis thaliana. Notable AtDRE2 expression is in structures which participate dynamically in fertilization and seed developmental processes: gametes (specifically vegetative nucleus of the pollen and central cell), maternal sporophytic tissue surrounding the ovules and seeds, early endosperm nuclei, suspensor and embryo (10) . This complex expression domain has already been associated with two distinct AtDRE2 roles: in the central cell, AtDRE2 functions to reduce DNA methylation at genes where DME demethylates and, likely in the zygote/embryo, AtDRE2 controls a vital function, likely as a CIA function (10) . It is therefore not surprising that [20] [21] [22] Diana Mihaela Buzas, Tetsu Kinoshita Viable dre2 mutants in Arabidopsis thaliana Fig. 2 . DNA methylation in vegetative tissue of WT, dre2-2 viable and rdd plants at three demethylation genes. CYMATE quantification (top panels) and DNA methylation profile (lower panels) for At4g14365 (A), At1g53860 (B) and At1g26400 (C). The sequences are located between +2493 to +2743 from ATG for At1g53860 (situated downstream of the 3`UTR of the gene); +1898 to +2323 from ATG for At4g14365 (situated over the 3`UTR of the gene) and +1193 to +1470 from ATG for At1g26400 (situated within the coding region). Number of clones sequenced for each genotype is indicated by "n". Red circle indicates a CG residue, blue square indicates a CHG residue and green triangle indicates a CHH residue, all of which are either methylated (full) or nonmethylated (contoured). The numbers under the CYMATE images represent locations of cytosines within the reference sequence amplicon. Shading indicates specific CG hypermethylation and boxes indicate specific hypomethylation, where differences to wild type were higher than 20%: gray, both mutants, purple viable dre2-2 only, green rdd only.
